On white holes as particle accelerators by Zaslavskii, O. B.
ar
X
iv
:1
70
7.
07
86
4v
3 
 [g
r-q
c] 
 22
 Ja
n 2
01
8
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We analyze scenarios of particle collisions in the metric of a nonextremal black
hole that can potentially lead to ultrahigh energy Ec.m. in their centre of mass frame.
Particle 1 comes from infinity to the black hole horizon while particle 2 emerges from
a white hole region. It is shown that unbounded Ec.m. require that particle 2 pass
close to the bifurcation point. The analogy with collisions inside the horizon is
discussed.
PACS numbers: 04.70.Bw, 97.60.Lf
I. INTRODUCTION
Several years ago, an interesting effect was discovered. It turned out that if two particles
collide near a rotating extremal black hole, the energy Ec.m. in their centre of mass frame can
become unbounded [1]. This is called the Ban˜ados-Silk-West (BSW) effect, after the names
of its authors. Later on, this effect was generalized to nonextremal horizons [2], generic
rotating black holes [3] and even nonrtotaing charged ones [4]. In all these cases it is implied
that both particles move towards the horizon as usual for black holes.
Meanwhile, there are also scenarios with head-on collisions when one of particles moves
away from the horizon. They were mentioned cursorily in Sec. II G of [5] for the rotating
case although the term ”white hole” was not used there. The detailed coherent treatment
of this type of scenario was done in [6] where the role of white holes was stressed and it was
noticed that unbounded Ec.m. appear even for the Schwarzschild metric. As is known, the
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2spacetime of an eternal black hole includes inevitably two regions - black hole and white hole
ones. In the scenario considered in [6] particle 1 moves towards the future horizon whereas
particle 2 approaches the past horizon from the inner white hole region. For nonextremal
horizons (which is the subject of the present work) this means in terms of R- and T-regions
[7] that particle 2 passes from the expanding T-region to the R one whereas particle 1 moves
within our R region as usual. This scenario works for generic particles in contrast to the
standard BSW effect where fine tuning between parameters of one particle is required and
is valid for generic eternal black - white holes.
In the present work, we analyze this scenario further, describe the main features of
relevant trajectories and argue that there exists close similarity between such a scenario and
high energy collision inside the horizon.
Some reservations are in order. The existence of white wholes in questionable. In par-
ticular, they can be unstable (see Sec. 15 of [8]). However, we can point at least to three
factors that support our motivation. (i) Many years ago, an interesting conjecture was
pushed forward according to which white holes can act as region retarded in the expansion
of surrounded matter in Universe [9]. It is important that the scenario considered there
includes, in particular, collision between particles that leave a white hole and those that
move outside that corresponds just to our case. (ii) Typically, the structure of spacetime
includes alternation of R and T regions. For example, this happens for regular black holes,
so-called black universes [10], the motion of self-gravitating shells [12], etc. (iii) Even if (i)
and (ii) are not realized in astrophysics in practice, collisions of particles near white holes is
an essential ingredient of the theory of high energy collisions. Without this treatment, our
understanding of the BSW effect and its modifications would remain incomplete. It is also
worth noting that the energetics of white holes was discussed along time ago but in a quite
different context [11].
Throughout the paper, we use systems of units in which fundamental constantsG = c = 1.
II. BASIC EQUATIONS
Let us consider the metric of the eternal hole
ds2 = −dt2f + dr
2
f
+ r2(dθ2 + sin2 θdφ2), (1)
3where f(r+) = 0. For the Schwarzschild metric f = 1− r+r . We consider pure radial motion.
Then, for a free particle having the mass m equations of motion read
r˙ = σ
√
ε2 − f , (2)
dt
dτ
=
ε
f
, (3)
dr
dt
= σ
f
√
ε2 − f
ε
. (4)
Here, ε = E
m
, E is the energy, σ = ±1 depending on the direction of motion, dot denotes
differentiation with respect to the proper time τ .
Let two particles collide. One can define the energy in the centre of mass in the point of
collision according to
E2c.m. = −PµP µ, (5)
P µ = m1u
µ
1 +m2u
µ
2 , where u
µ is the four-velocity. Then,
E2c.m. = m
2
1 +m
2
2 + 2m1m2γ, (6)
γ = −u1µuµ2 is the Lorentz factor of relative motion.
Let particle 1 with σ = −1 and particle 2 with σ = +1 collide at r = rc. (Hereafter,
subscripts ”c” implies that r = rc.) Then, it follows from the equations of motion that
γ =
ε1ε2 +
√
ε21 − fc
√
ε22 − fc
fc
, (7)
where fc = f(rc). If collision happens close to the horizon, so rc → r+, the quantity fc → 0
and we obtain formally diverging expression.
However, there is an essential subtlety here, not discussed in [5], [6]. The effect under
consideration involves not one horizon as usual in the BSW effect but two different horizons
- the future (black hole) horizon and the past (white hole) one. In such a situation a new
problem arises that remained irrelevant for collisions near a black hole horizon only. To
gain the effect, one should guarantee, first of all, that collision does occur near the horizon.
Otherwise, either particle approaches its own horizon in different points of the spacetime
diagram (see Fig. 1) and no near-horizon collision happens. It is possible somewhere far
from the horizon but this case is uninteresting since the gamma factor γ remains modest.
4FIG. 1: Generic trajectories do not intersect near the horizon.
To elucidate the essence of matter, it makes sense to introduce the Kruskal coordinates
that cover all spacetime including the black and white hole regions. Then, according to the
standard formulas, we use in the region r > r+ (our R region) coordinates
U = − exp(−κu), V = exp(κv), (8)
u = t− r∗, v = t+ r∗, (9)
where the so-called tortoise coordinate equals
r∗ =
∫ r dr
f
, (10)
κ is the surface gravity. From (8) - (10) useful relation follow:
UV = exp(2κr∗), (11)
V
|U | = exp(2κt). (12)
Near the horizon,
r∗ ≈ 1
2κ
ln
r − r+
r+
+ C, (13)
where C is a constant,
f ≈ 2κr+UV . (14)
For the Schwarzschild metric, with the constant of integration chosen properly, one finds
exact expressions
r∗ = r + r+ ln
r − r+
r+
, (15)
5κ =
1
2r+
, (16)
f =
r+
r
exp(− r
r+
)UV. (17)
Then, the metric takes the form
ds2 = −FdUdV + r2(dθ2 + sin2 θdφ2), (18)
F = f
du
dU
dv
dV
= − f
UV κ2
. (19)
We must have in the point of collision
U1 = U2, V1 = V2. (20)
In terms of the t coordinate,
t1(rc) = t2(rc). (21)
Here, according to (4),
t1(r) = ε1
∫ r1
r
dr
f
√
ε21 − f
, (22)
where r1 is the starting point of motion of particle 1, so t1(r1) = 0. In a similar way,
t2(r) = t1(rc)− ε2
∫ rc
r
dr
f
√
ε22 − f
. (23)
When particle 2 crossed the past horizon, r → r+ and t2 → −∞ that signals about failure
of the original coordinate system (1). However, the proper time τ stays finite, so particles 1
and 2 can meet in the point rc.
The choice of the constant of integration in (23) ensures that (20) is satisfied. If particle
1 comes from infinity, ε ≥ 1. It terms of the Kruskal coordinates, the equations of motion
follow from (2) - (4) and (8) - (10). They read
dU
dr
= − σκU√
ε2 − f(ε+ σ
√
ε2 − f) , (24)
dV
dr
=
κV (
√
ε2 − f + σε)
f
√
ε2 − f . (25)
6III. KINEMATICS OF COLLISION
In the (U, V ) coordinate system, particle 2 crosses the white hole horizon in the point
(U2, 0). Particle 1 would cross the black hole horizon in the point (0, V1), unless the collision
happened. In general, their trajectories intersect in the intermediate point with |Uc| = O(1),
Vc = O(1) this gives a modest γ. To gain large Ec.m., we must arrange collision very nearly
to the horizon, where fc is small, so γ is big according to (7). As in the present work we are
interested in the effects near the white hole horizon V = 0, we require
Vc ≪ 1. (26)
This entails consequences for the properties of a trajectory of each particle.
A. Particle 1
By assumption, particle 1 started its motion at t1 = 0. We can choose, say, that for t < 0
it remained in the state of the rest, r = r1 = const. Then, t > 0 on its further trajectory.
It is seen from (12) that |Uc| < Vc. This means that collision could not happen near a
generic point of the white horizon where U = O(1), V = 0 since this would have been in
contradiction with (12) and (26). As now both |Uc| ≪ 1 and Vc ≪ 1, the collision happens
near the bifurcation point V = 0 = U .
B. Particle 2
Let us consider particle 2 moving from a white hole. It has σ = +1. We want to arrange
collision near the past horizon, so rc − r+ is small. Then, we have
Uc ≈ U+ +
(
dU
dr
)
+
(rc − r+) ≈ U+ − κU+
2ε22
(rc − r+) ≈ U+(1− fc
4ε22
), (27)
where U+ = U(r+) and we used the fact that near the horizon
f(r) ≈ 2κ(r − r+). (28)
For any finite ε2, this gives a small correction to U+, so Uc ≈ U+. Thus both the point where
particle 2 intersects the horizon and the point of collision are situated near the bifurcation
point.
7For completeness, we will also discuss the case when both ε22 and fc are small and have
the same order,
ε22 ∼ fc, (29)
so the Taylor expansion (27) does not work. In the near-horizon region eq. (24) for particle
2 gives us
d ln |U |
dr
≈ − κ√
ε22 − 2κ(r − r+)
1√
ε22 − 2κ(r − r+) + ε2
, (30)
where we took into account (28). It is convenient to use parametrization ε22 = 2κ(r0 − rc).
Here, r0 is close to rc which, in turn, is close to r+. Collision should occur before particle
2 reaches the turning point, otherwise σ would change the sign and the head-on collision
would not occur. Therefore, rc ≤ r++r02 .
Then, after integration with the boundary condition U(rc) = Uc, one finds that
U ≈ Uc(
√
δ +
√
δ − x)√
δ +
√
δ − α , (31)
where δ = r0−rc
r+
, x = r−r+
r+
and α = rc−r+
r+
= x(rc). To have radicals nonnegative, we require
α ≤ δ. Thus
U+ ≈ Uc 2
1 +
√
1− α
δ
. (32)
We see that U+ and Uc have the same order, so both of them are small according to the
explanation given above. Thus in both cases ε2 ≫ fc and ε2 ∼ fc ≪ 1 collision occurs near
the bifurcation point. See Fig. 2. where the scale is magnified to show the whole picture
distinctly.
It is worth noting that if ε2 ∼
√
fc, ε1 = O(1), γ = O(f
−1/2
c ), so the growth of Ec.m. is
more slow than in the case ε2 ≫
√
fc when γ = O(f
−1
c ). If both particles have energies
ε1 ∼ ε2 ∼
√
fc, γ = O(1) and the effect of high energy collision is absent.
Formally, there exists one more case when particle 2 falls back into a black hole. However,
collisions near the black hole horizon were already discussed intensively in literature and it
is known that without a fine-tuned (critical) particle high Ec.m. are impossible [1] - [3].
Therefore, we do not consider this case.
IV. DISCUSSION AND CONCLUSIONS
If two particle moving along the line in opposite directions collide in the flat spacetime,
one can arrange collision in any given point adjusting an initial position of, say, particle 2 to
8FIG. 2: Collision near the bifurcation point.
its energy. However, we saw that for head-on collision near the white-black hole horizons the
situation is different. The particle emerging from a white hole region should pass close to the
bifurcation point, although not through the bifurcation point itself since otherwise it would
come into the contracting T region instead of our R one. And, this is true irrespective of the
energy of particle 2. Collision of both particles 1 and 2 also happens near the bifurcation
point.
It is instructive to compare the results with those found for collisions inside black (white)
holes since in both cases one is faced with the existence of two branches of the horizon.
At first, it was claimed in [13] that collisions near the inner nonextremal horizon lead to
the unbounded growth of Ec.m. in a manner similar to collisions near the event horizon of
rotating black holes [1]. Later on, this result was refuted [14] because of impossibility to
arrange collision kinematically since each particle approaches to its horizon. The similar
conclusion was made in the end of Sec. 3 in [15]. However, more careful treatment showed
that the effect of high Ec.m. can be saved [16] - [18] if particles pass very close to the
bifurcation point. We see that similar situation happens in the present case although the
number of suitable scenarios actually reduced to one. This is because kinematics of the
problem is more restricted (particle 1 moves in the R region only, particle 2 moves from a
white hole to the R region).
Thus white holes in combination with the black ones can serve as accelerators of particles
9to ultra-high energies. In contrast to the standard BSW effect [1], no fine-tuning of param-
eters is required but, instead, there is a kinematic restriction. This is necessary if we want
to achieve unbounded Ec.m.
Acknowledgments
This work was funded by the subsidy allocated to Kazan Federal University for the state
assignment in the sphere of scientific activities. I acknowledge also support from SFFR,
Acknowledgments
Ukraine, Project No. 32367
[1] M. Ban˜ados, J. Silk and S.M. West, Kerr Black Holes as Particle Accelerators to Arbitrarily
High Energy, Phys. Rev. Lett. 103, 111102 (2009) [arXiv:0909.0169].
[2] A.A. Grib and Yu.V. Pavlov, On particles collisions in the vicinity of rotating black holes,
Pis’ma v ZhETF 92, 147 (2010) [JETP Letters 92, 125 (2010)].
[3] O.B. Zaslavskii, Acceleration of particles as universal property of rotating black holes, Phys.
Rev. D 82 (2010) 083004 [arXiv:1007.3678].
[4] O. Zaslavskii, Acceleration of particles by nonrotating charged black holes. Pis’ma ZhETF
92, 635 (2010) (JETP Letters 92, 571 (2010)), [arXiv:1007.4598].
[5] T. Piran and J. Shanam, Upper bounds on collisional Penrose processes near rotating black-
hole horizons, Phys. Rev. D 16, 1615 (1977).
[6] A. Grib and Yu.V. Pavlov, Are Black Holes Totally Black? Gravitation and Cosmology 21,
13 (2015), [arXiv:1410.5736].
[7] I.D. Novikov, Commun. Shternberg Astron. Inst. 132, 3, (1964). [Reprinted in Gen. Relativ.
Gravit. 33, 2259 (2001)].
[8] V. P. Frolov and I. D. Novikov, Black Hole Physics: Basic Concepts and New Developments
(Kluwer Academic, Boston, 1998).
10
[9] I. D. Novikov, Delayed explosion of a part of the Fridman Universe and quasars, Astronom.
zhurnal 6, 1075 (1964) [Sov. Astronomy, 8, 857 1964].
[10] K.A. Bronnikov, S.G. Rubin, Black holes, Cosmology and Extra dimensions (World Scientific,
2013).
[11] J. V. Narlikar, K. M. V. Appa Rao and N. Dadhich, High energy radiation from white holes,
Nature, 251, 590 (1974).
[12] V. A. Berezin, V. I. Dokuchaev, Global Geometry of Space-Times with Shells. Nova Science
Publishers Inc, United States (2014).
[13] K. Lake, Particle Accelerators inside Spinning Black Holes, Phys. Rev. Lett. 104, 211102
(2010), [arXiv:1001.5463].
[14] K. Lake, Phys. Rev. Lett.. 104 259903(E) (2010).
[15] A. A. Grib and Yu.V. Pavlov, On particle collisions in the gravitational field of the Kerr black
hole, Astropart. Phys. 34, 581 (2011) [arXiv:1001.0756].
[16] O. B. Zaslavskii, Acceleration of particles near the inner black hole horizon, Phys. Review D
85, 024029 (2012) [arXiv:1110.5838].
[17] O. B. Zaslavskii, High energy particle collisions near the bifurcation surface, Int. Journ. Mod.
Phys. D 22, 1350044 (2013), [arXiv:1203.5291] .
[18] O. B. Zaslavskii, High-energy collisions inside black holes and their counterpart in flat space-
time, Int. Journ. Mod. Phys. D 23 (2014) 1450045 [arXiv:1311.0537].
This figure "fig1.JPG" is available in "JPG"
 format from:
http://arxiv.org/ps/1707.07864v3
This figure "fig2.JPG" is available in "JPG"
 format from:
http://arxiv.org/ps/1707.07864v3
